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ADVAITOE RESTRICTED REPORT 



EFFECT OF IIINGE-MCJENT PARAKETERS ON EIEVATOR 
STICK FORCES IN RAPID HCA^EUVERS 
By Robert T. Jones and Harry Greenberg 



'Tine importance of the stick force per unit normal 
acceleration as a criterion of longitudinal stability and 
the critical dependence of this gradient on elevator 
hinge -moment parameters have" been shown in previous 
repoj.^tse The present report continues the investigation • 
with special reference to transient effects for maneuvers 
of short duration. 

The analysis made shov;ed that different combinations 
of elevator parameters which give the same stick force 
per unit acceleration in turns give widely different 
force variations during the entries into and recoveries 
from steady turns and during maneuvers of short duration 
such as abrupt pull-ups. A combination of relatively 
large negative values of the restoring tendency C^^^' and 

the floating tendency Cv^ , approaching those of an 

"■t 

unbalanced elevator, results in a stick force that is 
high during the initial stage of a pull-up and then 
decreases, and may even reverse, as the acceleration is 
rediiced at the end of the maneuver. The stick force per 
unit acceleration is greater for abrupt than for gradual 
control movemiOnts. 

If the negative value of C^^ is reduced so that 
the corresponding value of C>^ becomes slightly posl- 

tlvBj, the reversal of force may be elim.inated and the 
force ma7f be brought nearly in phase with the acceleration. 
There is a limit to the permissible reduction of the value 
of Cyx^9 however, because as G^^ approaches zero the 

stick force per unit acceleration may become lower for 
abrupt than for gradual maneuvers and may thus lead to 
undesirably low stick forces at the beginning of the 
maneuver m 
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INTRODUCTION 



The stick force pep unit normal acceleration as 
measTired in steady t\irns or pull-outs, which was proposed 
as a criterion of longitudinal handling in reference 1, 
is now generall^^ accepted as a basic measure of longi- 
tudinal stability. The critical dependence of this stick- 
force gradient on elevator hinge -moinent parameters and on 
mass unbalance of the control system, was shown in 
reference 2. It was found that a given stick-force 
gradient can be obtained by any of a series of combina- 
tions of these parameters satisfying certain prescribed 
relations • 

Further consideration" of the problem and some recent 
flight experience, however, have shown the need for inves- 
tigating the transient effects that occur during the 
change from steady unaccelerated flight to steady accel- 
erated flight. These . transient effects cause a difference 
between the stick-force gradients in a steady turn and in 
a maneuver of short duration such as a p\Ul-up. 

The purpose of the present report is to investigate 
the variation of elevator stick force and normal accel- 
eration during the transition lnterv?.l preceding the 
steady turn and also during turns or pull-ups of short 
duration. The effect of combinations of hinge-moment' 
parameters is considered; each combination is chosen to 
give the same stick-force gradient in a steady maneuver. 
Time histories of the stick force and normal acceleration 
are found for predetermined variations of elevator deflec- 
tion« An attempt Is made to explain and to suggest- a 
remedy for the large variations of stick force with time 
observed during pull-ups of short duration on different 
airplanes in flight. A previous analysis, somewhat 
similar to the present one, was made in England (refer- 
ence 5) but included a smaller range of hinge-m.oment 
parameters . 



SYllBOLS 



A 
b 



aspect ratio of wing 
vdng span 
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H 



Cj^ elevator hinge-moment coefficient- 

Cl airplane lift coefficient (^~|^) 

C-^ pitching-moment coefficient about airplane center 



^ X. / Pitching moment \ 

of gravity ( 1 

\ qSc / 



c wing chord 

Cq elevator chord 

D differential operator, (d/ds) 

P-g stick force, pounds 

F^, Pr cases representing particular combinations 

■ of hinge -moment parameters 

• /^^s\ 

stick -force gradient in maneuvers ( I 

■• ■ ■ / 



g acceleration of gravity 

H hinge moment; positive when tends to lower elevator 

mass moment of elevator control system about 
elevator hinge j positive when tends to lower 
elevator 

pS^a^c 

radius of gyration of airplane about Y-axis 
Ij^ tail length /.half -chords 

m mass of airplane 

n normal acceleration per g of airplane due to 

curvature of flight path; accelerometer reading 
minus component of gravity force 

q dynamic pressure 

S wing area 
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elevator area 
s distance traveled, half -chords .(2Vt/c) 

T period of elevator motion 

t time 

^ independent variable used in Duhamel's integral 

V velocity 

"^^a.c- distance between center of gravity and aerodynamic 
center J positive when stable 

d5/dx deflection of elevator per unit movement of stick, 
radians per foot 

a angle of attack, radians 

angle of attack at tail, radians 

6 deflection of elevator; positive downward 

e angle of pitch of airplane 

X root of stability equation 

[L airplane-density parameter (m/pSb) 

p mass density of air 

Subscript ? 

max raaximum 



Subscripts a. Da, D"a, a^, D9., 5, and D5 Indicate 

6 Cj^T 

derivatives; for example, 0^^^, = A dot over a . 

symbol indicates differentiation with respect to time. 

METHOD OP ANALYSIS 

The following assumptions are made in the present 
analysis; 
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(1) Variation in forward speed is negligible 

(2) Stability derivativevS are constant; that is, 

any possible nonlinear ity of coefficients is 
negligible 

(3) Effects" of power -are negligible' 

Effects of control-system moment of inertia are 
negligible \ ' ' ' 

(5) Control-system mass unbalance is all located at 
airplane center of gravity 

The equations of motion of an airplane subjected to 
a prescribed elevator mot icri , can be obtained from refer- 
ence 2. If forward speed is assumed convstant, there are 
three eqiiations of motion^ The first two equations 
determine the motion of the airplane if the control 
motion Is specified. The third equation determines the 
hinge -moment coefficient, which depends on the motion of 
the control surface and the airplane* These equation's 
are 



~+ 2A(iD)a 



- 2Au D8 



(1) 



-'^mj (2) 



liquations (l).and (2;) are used to solve for a in 
terms of 5. The solution can be expressed in' determinant 
form as 



a 
5 



5 



-2Aia 



2Ap.kY^D 
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If 5 is given as a function of time, the solution for a 
is found by the method of operational calculus as follows: 
First a is found for a unit change in 5. This solution 
is obtained from 



a = 



P(D) 



^ = -2AttC 



mg 



\ s 



^ \ F'(^) P(0) 



(5) 



wh'3re P(D) is the deterrainant given in equation C^) 
and represents the roots of P(D) = 0._ The solution 
for a (equation (5)) may he denoted by a ( s ) . The 
value of a for a given variation of 5 is then given 
by Duhamel's "integral, which is 



a 



afs) 5(0) + 



(s - u) 5»(u) du 



By a similar procedure D9 can he found for a pre- 
scribed variation of 6. The angle of attack at the. tail 
can then be found from 



6a^ 

H = ^h 



The normal acceleration, which' is considered positive 
upward, is proportional to the change in angle of attack a 
and is given by 



V2 



a 



n = 



eg 2A[j, 



a 



The value of the stick force can be obtained by 
substituting the derived values of/ a and D9 "and the 
given value of 5 in the hinge -moment equation 
(equation (5))« The relation between the stick force 
and C;^-j^ is simply 

■ 1 o 'dS 

F3 = ^P^%o^C.^,j^ 

The assumed variation of elevator deflection with time 
is illvistrated in figure 1 and can be represented analytl 
cally by 

- _ /l 1 2TrA . 
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The calculati.ons were made for a pursuit airplane 
for five different combinations of the hinge-moment 
parameters C^^ , C^-^^, and h; for three different dura- 

tions of the maneuver T; and for three different center - 
of -gravity locations. These five different combinations 
of the hinge -moment parameters were selected to give, for 
one center-of-gravity location, the same stick-force 
gradient in a steady turn, as determined by the formula 
for stick-force gradient in a gradual pull-up or steady 
turn given in reference 2, which is 



\ Ct ^^"De ~ Ct ~ c„, 



The locus of points in the Ch Che plane corre- 
sponding to a value of the stick-force gradient of 5 pounds, 
per g and a center -of -gravity location percent chord 

ahead of the aerodynamic center is shown in figiire 2 for 
a mass-balanced and also for a mass-unbalanced elevator. 
The amount of unbalance corresponding to the line marked 
h = 5 would require a pull of I5 pounds on the control 
stick for balance. The five points marked Pj, . . . 

represent the combinations of the hinge-moment parameters 
used in the calculations. 



mERICAL VALUES USED IN AMLYSIS 



The following parameters were used in the analysis: 

^La hr.3 

12.5 

A . 6 

Cma -0.5lj-8, -0.195, or -0.0l|.6ij. 

^^a.c. 0.075c, 0.0ii2c, or 0.01c 
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ky, half -chords 1.5 

-1.54 



Ij^, half-chords 6.6 

de/d:-:, radian of elevator motion per foot of stick 

travel ' O.5 



-a 



0.514 



Ovi ? 



'D6 



-10.55Ch 



^t 
-1 



e » 



The following dimensions and density v^ere assumed: 

c, feet 7 

feet 2 

square feet 50 

•p^ slug/c-a ft; at altitude of 10,000 feet . . . 0.00176 

The foregoing airplane derivatives are for an air- 
plane having a wing loading of 50 pounds per square foot. 
Five corctainetions of hinge -moment parameters selected to 
give a stick-force gradient of 5 pounds per g in-, a steady 
pull-up when the center-of -p;ravit:i;' location is l-^r nercent 



2 - 



choi^d ahead of the aerodynamic center (see fig. 2) are as 
follows : 



Case 


^h 


^h 


h 




-0.1 


-0.230 


0 


F2 


0 


-.065 


0 


^5 


.059 


0 


0 


\ 


-.1 


-.055 


5 


"5 


0 


0 


1.65 



All these valvies were used in calculating the variation 
in stick force during a raaneuver for ^ = 0.075c, 

For qualitative comparison, case Fj^ may he taken to . 

represent a normal elevator vvith a fairly high trailing 
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tendency and a moderate amount of blunt-nose inset-hinge 
balance « The characteristics of or could be 

achieved by the use of a sharp-nose inset-hinge balance, 
a horn balance, or a beveled trailing edge; combines 

a large amount of inset -hinge balance with a bobweight at 
the control stick; ■ P^ is the case in which the stick 

force is due entirely to the bobweight. Two more-rearward 
center-of -gravity locations (^a.c. ~ 0.0i|2c and 0.01c) 
were also assumed, and the stick force in maneuvers was 
worked out for cases P-j , P^, and • 



RESULTS 



Curves of stick force and normal acceleration for a 
varying elevator deflection are shovm in figures 3, kf 
and 5 for T = .I4., 2, and 1 seconds, respectively, 
for V = I|-00 m.iles per hour, and for ^^^.c. " 0.075c. 
In these curves, the stick force for P]_* reaches a 
mo.ximura value before the peak acceleration and reverses 
direction in the latter part of the cycle. ThlG effect 
becomes more rr o.aoanced as the dLiratio:.i of the maneuver 
becomes shorter. The curves for Pj , I'V, , Pi^, and F'r^ 

shov; a progrecsively smaller phase difference between the 
stick force and the acceleration. The stick-force curve 
for Is most nearly in phase v/ith the acceleration 

curve . 

The effect of center-of -gravity location on the 
stick-force gradient in steady turns or pull-ups can be 
shown in diagrams of the type of figure 2. Pigure 6, 
for example, shoi'vs that the "maneuver . point (e.g. loca- 
tion for zero stick force per g) for case Fj^ 

is Ij-.S percent chord ahead of the aerodynamic center 

(point where Cv« =0). For center-of -gravity locations 
""a 

behind the maneuver point, the stick-force gradient for 
case P-|_ is negative. The stick forces for F^ and P^, 

however, are unaffected by center-of -gravity location. 

The time histories of the stick forces in a 2-second 
maneuver for the cases shown in figure 6 for ^^.c. ~0»0ij2c 

and 0,01c are plotted in figures 7 and 8. In figure 7, 
the stick force corresponding to F-^ (e.g. at maneuver point) 



r 
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is positive at first and then reverses and becomee nega- 
tive. The rfiaximum values of the positive and negative 
forces are approximately equal. As the center of gravity 
is -.noved behind the maneuver point for F-^ (fig. c), the 
negative maximum force is greater than the positive; this 
increase would be expected since a nec-ative force is 
req^iired to hold the ai'rplane in a steady turn. The 
stick forces for ?j and reraain positive. The • 

elevator deflection required to produce a p-iven accel- 
eration, hov/ever, decreases as the center of gravity 
moves rearv^ard. 

Airplane speed has no effect on the shape of the 
stick-force and acceleration corves, if compressibility 
effects are neglected and if the product of speed and 
duration of maneuver is held constant; for example, the 
shape of the c-orves of figures y to 5 is unchanged if 
the speed is halved and the diu^atlon' is doubled. The 
effect of increasing speed therefore ■ is the same as the 
effect of increasing duration in the same ratio. 



DISCUSSION 



Before the various elevator cases and degrees of 
stability for which the cnrnputat ions 'were made sre dis- 
cussed, it appesrs desirable to explain the effects of 
the separate parameters that combine to give the resultant 
elevator forces in pull-ups. These effects,, as already 
stated, are the variation of hinge-moment coefficient 
with elevator deflection, as Indicated by 0^-.; the varla- 

o 

tlon of hinge -moment coefficient with angle of attack at 
the tail, as indicated by CL ; the variation of hinee 

moment v/ith angular velocity of the elevator about its 
hinge; the mass unbalance (bobv/elght effect); and the 
effective moment of inertia of the elevator system. 

Because preliminary computations indicated that the 
inertia of the elevator system had a negligible effect on 
the stick force for the shortest maneuver assumed, it was 
neglected in the analysis. For airplanes larger than the 
one considered in this report and for other special cases, 
inertia of the elevator system may be an important factor. 

The influence of the important parameters is shown 
in figure Q, which gives a breakdown of the factors 
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contribiitlng to the stick-force curve * for case in 
figure 5* Case F]^ was chosen because it v/as the only 
condition in which all the parameters were combined. 

Figure 9 shows that the effect of Cv^^ is to 

produce a component of stick force in phase with elevator 
deflection. The magnitude of this component of the stick 
force depends solely on the elevator deflection at a 
given .speed and is independent of the duration of the 
maneuver . 

The normal acceleration produced by the elevator 
decreases as the duration of the maneuver is made shorter. 
The stick force per unit acceleration due to the C^^ term 

therefore increases as the maneuver becomes more rapid. 

The effect of the mass unbalance of a bobwelght is 
to contribute a component of force that is in phase with 
and solely dependent on the normal acceleration of the 
airplane. The stick-force gradient due to the bobweight 
is therefore independent of duration of m.aneuver. Although 
figure 9 deals v\fith a mass unbalance that tends to depress 
the trailing edge of the elevator, in the general case the 
unbalance may be of the opposite sign so that push instead 
of pull forces result. 

The effect of Ch is similar to that of the 

^t 

bobweight since the component of force caused by C]^ 

^t 

is nearly in phase with the acceleration. The slight 
difference in phase between the values of and n is 

the effect of the rate of change of airplane angle of 
attack. For maneuvers of short duration, this slight 
phase shift causes a noticeable difference between the 
action of Ou and of a bobweight. 

The component of force due to the angular velocity 
of the elevator may be very important for maneuvers of 
short duration. It has the effect of reducing the stick- 
force gradients in cases in which the maximum force 
occiars after the elevator has reached maximum deflection. 

The cases for which the results are presented in 
figures 5 to 5 were chosen to show the effects of dif- 
ferent combinations of the hinge-moment parameters 
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subject to the designer's control • The parameter 0^^ 
is the same for all cases. In case F-j^, the desired 

vstick force for a steady turn is achieved by a balance 
of relatively large negative values of Cy, and Oin 

The stick forces due to these two parameters are in. 
opposite directions so that the net value in a steady 
turn Is due to the difference in their effects. In a 
maneuver of the type shown in figure 1, the elevator- 
def lection curve leads the normal-acceleration cuj?ve; 
hence has the predominating effect in the initial 

stages of the maneuver and the negative Ou , in the 

^t 

later stages. This. fact accounts for the high stick 
forces in the first half of the maneuver and the reversal 
of force in the second half for case F-|_. The difference 
is more noticeable in the shorter maneuvers. As the 
duration of the maneuver decreases, the lag between air- 
plane miction and elevator deflection becomes greater and 
the maximauii value of the acceleration for the given 
elevator deflection becomes smaller. Both of these 
factors tend to reduce the importance of the Cj^ com- 

*^t 

ponent in the early part of the maneuver -and to increase 
the maximum force required for a given maxim-um accelera- 
tion. This variation of maximum force per unit maximum 
acceleration shown in figure 10 is quite large. 

For case F2, the desired stick force for steady 
turns is achieved through the action of Cv. alone. All 

curves for F2 vrould have the same magnitude for any 
duration of maneuver and would be in phase with the 
elevator-deflection curve but for the contribution 
of Oh-pg* The effect of increases with the rapidity 

of the elevator movement and causes a phase shift in the 
force curve relative to the elevator deflection, which 
results in a slight increase in the maximum valiie for the 
shortest maneuver. A slight push force near the end of 
the maneuver is produced by C^j^q. Figure 10 shows that 

in case F2 the m.aximum force per unit maximum accelera- 
tion increases as the maneuver is shortened although not 
so much as in case F]^. 

The balance is achieved in case through action 

of ClhQ.^ alone. In this case, the maximum stick force 
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attributed to Cv Is nearly in phase v/lth the accel- 

eration and, consequently, the maxlmuni value occurs after 
maxlmura elevator deflection when the elevator is being 
moved back to its original position. The forces at the 
beginning of the maneuver are .consequently smaller than 
in cases and F2 and may be too sm.all for satis- 

factory handling qualities. The effect of Cu is to 

decrease the maximum force by an Increasing amount as 
the maneuver become s • shop ter , The discontinuity in 
the F-^ oxxvve (and also in the and curves) for 

the 1-second maneuver results from the disappearance of 
the Cjp comnonent at the completion of the elevator 
"1)6 

motion. Figure 10 shov;s that the maximum force per unit 
maximum acceleration for case F^ decreases as the 

maneiiver is shortened: this effect is primarily a result 
of the action of Ch^ ^ . 

For case P|^, the stick force for steady tiirns- is 

achieved mainly by a balance of negative {V and 

^t 

bobwelght effects. As a result of the large mass 
unbalance required, the maximum force in the 1-second 
maneuver occurs at the end of the elevator motion. 

The stick force is achieved solely through the action 
of mass unbalance, or a bobv/eight, in case F^ • Compu- 
tations have been made for only the 1-second maneuver. 
The action of the bobwelght, as previously mentioned, is 
similar to that of but for a slight phase shift. 

The phase shift for a maneuver of short duration is suffi- 
cient to reduce the adverse influence of Ou . This 

^D5 

case would shov/ a slightly greater decrease of maximum 
force per unit maximum acceleration than case P, with 

decreased duration of the maneuver. 

The change of stick force with center-of-gravity 
location for case F^, shown in figures 7 and 8, is 
caused by the greater angular response of the airplane 
to a- given elevator deflection that occurs with reduced 
stability. The greater response changes the balance 
between the G^^ and 0^^ components. If the stick 
^t 
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force is independent of- Cv^^, as in cases and P^, 

the form of the stick-force curves is unchanged by varia- 
tion of the centsr-of-gravity location. Figure 11 shows 

that bhe variation cf maximum force per unit maximum 

accaleration in a rapid maneuver- with center -of -gravity 

location becomes less as the value of Cu is reduced. 

^5 

The adjustment of the elevator parameters so that 
the stick forces for steady turns are directly propor- 
tional to the norm.al acceleration produced and independent 
of center-of-gravity location is generally conceded to be 
desirable. It appears possible from the analysis to 
accomplish these conditions by making the stick force's 
depend primarily on Cj^ or on a bobweight, provided the 

t 

entrance and recovery are made slowly. It is not defi- 
nitely known whether this condition of strict propor- 
tionality is desired in maneuvers of short duration. In 
these cases^ however, when the entry and recover^y are of 
necessity rapid, strict proportionality between stick 
force and acceleration appears Impossible because of the 
action of ^hj^g* According to figure 10, a stick-force 

gradient that is independent of duration of maneuver but 
varies somewhat wj.th center-of -gravity location can be 
obtained for a case intermediate between ^^^^ • 

This case would correspond to a certain amount of nega- 
tive Cv> and positive Oh ^^nd would also result in 

higher stick forces at the start of the maneuver. A. 
bobweight that increases the stick forces can be substi- 
tuted for the positive Cj;;^ 

^t 



CONCLUDING REMARKS 



A small stick- force gradient in steady turns can be 
obtained with fairly large negative values of the 
restoring tendency % and the floating tendency Oh , 

** ■'•^5 ^t 

approaching those of an unbalanced elevator. Although 
suitable for slov/ maneuvers, this combination of parameters 
leads to a high initial value followed by a reversal of 
the stick force in abrupt maneuvers. This difficulty can 
be avoided and the stick force can be made to follow 
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closely in phase with the airplane normal acceleration 

during both abrupt and slow maneuvers by decreasing the 
value of and by making Cj^^ slightly positive. 

If Cj^^ is made zero, the stick-force gradient 

depends entirely on a positive value of C]^ and is 

^t 

unaffected by the location of the airplane center of 
gravity. In this condition, however, the stick force 
required to initiate a maneuver may be undesirably light. 
In order to prevent undesirably light stick forces at 
the beginning of a maneuver, a small negative Oj^^^ must 

be retained. 



The use of a bobweight in the elevator control 
system has an effect similar to that of increasing 

although, in rapid manevivers, there are slight phase 
differences in the stick-force variations. 



Langley Memorial Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. 
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, Flgxire 2.- Lines of constant stick-force gradient 
showing combinations of hinge -moment parameters 
used. = 5 pounds per g; = 0.075c. 
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Time, t, sec 



Figure 5.- Stick force and normal acceleration due to rapL 
- elevator motion. T = I4. seconds; V = k^O miles per hour 
xa.c.= 0-075C. 
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Time, t, 3ec 

Figure 5.- Stick force and normal acceleration due to rapid 
elevator motion, T = 1 second; V = 1|00 miles per hour; 
^a.c.= 0.075c. 
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Figure 6.- Lines of constant stick-force gradient, 
^n ~ ^ ^ pounds per g. 
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Time, t, sec 

Plgur© 7,- Stick force and normal acceleration due to rapid 
- elevator motion. T = 2 seconds; V = J+OO miles per hour; 
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Time, t, see 



Figure 8.- Stick force and normal acceleration due to rapid 
elevator motion. T = 2 seconds; V = I4.OO miles per hoiu*; 
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0 12 3 I 5 6 7 

Duration of maneuver, T, sec 

Figure 10.- Uaximxun stick force per unit maximum acceleration 
against duration of maneuver. Xa.c.- 0.073c* 




Flgxire Variation of xoaxlrnxjon stick force per unit xnaxim\un acceleration 

with center-of -gravity location. T = 2 seconds; V = UQO miles per hour 



